We report on the a.c. magnetic response of superconducting U P t 3 in a d.c. magnetic field. At low fields (H < H * ), the in-phase susceptibility shows a sharp drop at T c followed by a gradual decrease with decreasing temperature, while the out-of-phase component shows a large peak at T c followed by an unusual broad peak. As the B-C phase line is crossed (H > H * ), however, both the in-phase and out-of-phase susceptibilities resemble the zero-field Meissner curves. These features are only observed for relatively large a.c. excitation fields. We interpret these results in terms of a vortex pinning force which, while comparatively small in the A/B-phases, becomes large enough to effectively prevent vortex motion in the C-phase. PACS numbers 74.70.Tx, 74.25.Ha, 74.60.Ge Typeset using REVT E X 1 Thermal and acoustic transport measurements [1] of the multi-phase heavy fermion superconductor UP t 3 have proven invaluable in deciphering the structure of the zero-field superconducting gap. In particular, the ability of thermal conductivity and ultrasonic attenuation experiments to couple to the excitation spectrum while ignoring the superconducting fraction enables one to measure the momentum space distribution of quasiparticles and thus of the gap itself. Similar studies of the high-field C-phase, however, are greatly complicated by vortex contributions to the electron and phonon scattering rates, and the intrinsic structure and behavior of this phase remain largely unknown. While not usually viewed as such, an a.c. magnetic susceptibility, χ ′ (H dc , T ) + iχ ′′ (T, H dc ), measurement for
fields H dc > H c1 may be regarded as a transport experiment: the real component, χ ′ , probes the ability of vortex supercurrents to shield the bulk while the imaginary component, χ ′′ , measures the electrical dissipation due to the motion of normal state quasiparticles (from vortex cores or regions of vanishing gap) in the a.c. magnetic field, much as sound attenuation measures the dissipation due to quasiparticle motion due to the moving lattice. In this paper we present in-field magnetic susceptibility data on UP t 3 in the superconducting state that demonstrate a qualitative difference in the properties of the high field C-phase and the two low-field phases. Our data are consistent with a scenario where the vortex pinning in the C-phase is sharply higher than that in the low-field regime. These results, consisting of both field and temperature sweeps, may also help elucidate behavior previously noted [2] in the literature.
The sample is a single crystal cube of dimensions 1.4 mm 3 cut from a polycrystalline ingot prepared in ultra-high vacuum. The a.c. susceptibility was measured at low frequencies (17 to 25 Hz) using a lock-in amplifier (a Stanford Research SR-850). As the coils were uncompensated, a field-dependent/temperature-independent susceptibility has been subtracted from the data (field and temperature sweeps), as determined by the condition the a.c. field, the directions along which the magnetic fields are applied, and the time period over which the typically metastable vortex state is measured. As mentioned, at the frequencies used in this work, no anomalousΦΦΦus frequency dependence was seen. Also, temperature sweeps at half the rate of the data shown here gave identical results, indicating that we are not simply measuring the time (rather than temperature) dependence of the susceptibility [3] . Furthermore, the field directions were fixed, H dc ||â and H ac ||b (and thus
. An important qualitative dependence on the magnitude of H dc was observed, however.
In Fig. 1 we show χ ′ (T ) at various fixed H dc for H ac ≈ 5Oe. These data, like all the temperature sweeps shown, were taken by warming above T c and then slowly cooling in field.
The first thing to note is that the susceptibility falls on entering the superconducting state.
This is in obvious contrast to an idealized (clean) type II material for which the slope of the magnetization, M(T,H), is positive [4] at H c2 , and is typical of a material with significant vortex pinning.
Qualitatively, this follows from the fact that the susceptibility is a direct measure of the
induced by the small a.c. field. In the presence of pinning, the oscillations of B in time are much smaller than those of H ac : the vortex lattice cannot "follow" the external field variations, and the flux is at least partially frozen into the sample. In the limit of very strong pinning, dB/dH ac = 0 and the susceptibility is −1/4π, as in the Meissner state.
Thus the drop in χ ′ near T c is qualitatively indicative of the strength of the pinning in the superconducting state.
The data in Fig. 1 may be naturally divided into two regimes: for low fields (H dc < 5 kOe), the in-phase susceptibility falls sharply below T c to a value significantly less negative than −1/4π (indicating relatively weak pinning), has a weak shallow minimum, and then approaches the Meissner value in a roughly linear fashion. For larger d.c. fields, the value characteristic of very strong pinning is obtained within a small temperature range below T c .
The question naturally arises as to whether the distinct change evident for H dc ≈ 5 kOe is correlated with the multiple superconducting phases known to exist in the H-T plane of
We show in shown that this feature arises from a tetracritical point at which three superconducting phases (A,B, and C, as shown schematically in Fig. 2a ) and the normal state meet. The in-phase susceptibility data of Fig. 1 therefore imply that the vortex lattice pinning is significantly stronger in the high field C-phase than in the low-field/low-temperature Bphase [5] . Note that this enhanced pinning is "intrinsic" in the sense that the sample purity, shape, and so on are unchanged at the B-C phase boundary. The strong correlation between the feature in H c2 and the pinning strength is graphically displayed in Fig. 2b , where we plot the magnitude of the sharp drop in χ ′ near T c as a function of field: a precipitous change is noted in the vicinity of the B-C phase boundary.
The data in Fig. 3 , measured concurrently with the χ ′ results of Fig. 1 , show χ ′′ (T ) for various values of H dc . Three regimes might be posited: for low fields, a large, sharp, peak is seen near T c . However, at intermediate H dc , the peak is followed by a broad second peak extending to the lowest temperatures measured (100mK). Finally, for H dc larger than the critical "kink" field of ≈5 kOe, the data once again resemble the low field results, with a sharp peak near T c followed by a monotonic drop. In interpreting these results, we recall that the out-of-phase susceptibility, χ ′′ , is a measure of the dissipation caused by the movement of vortex core quasiparticles under the influence of the a.c magnetic field. If pinning is very strong, the vortices do not move, and χ ′′ = 0. Therefore, the data in Fig. 3 are in qualitative accord with the in-phase behavior seen in Fig. 1 : vortices are more weakly pinned in the B-phase than in the C-phase.
All of our data show a pronounced peak in χ ′′ slightly below T c coincident with the sudden drop in χ ′ . We note that the observation of such a peak is also seen in some conventional superconductors under the general heading of the "peak effect," about which a sizable body of literature exists. In this work we mention only that a very sharp peak in χ ′′ is also found in a "true" zero-field run, i.e., one done before the magnet had been ramped, and thus the peak is not solely due to the presence of a vortex lattice. More interesting from our standpoint is the unexpected presence of a second peak in χ ′′ .
The susceptibility was also found to be a strong function of the strength of the a.c. magnetic field. In Fig. 4 we show χ(T ) for two H dc bracketing the field at the tetracritical point, for various H ac . At low excitations, the aforementioned features in χ ′ and χ ′′ as a function of H dc are absent; the in-phase susceptibility drops at T c to the strong pinning value both above and below the tetracritical point and the out-of-phase component exhibits low dissipation in all three phases. Somewhat similar effects have previously been noted [6] in UP t 3 . These data emphasize the fact that the phenomena presented here are non-linear in the sense that they are observed only when vortices are strongly perturbed about there pinning sites. One may also see from Fig. 4 that there is a clear saturation effect: the curves appear to be reaching an asymptotic shape with increasing a.c. field amplitude. We note that this is not what would be expected from self-heating, which would shift the curves along the temperature axis.
Data taken as a function of field allow us to relate the our results to previous work. 
